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\ Flavonoids are a group of polyphenolic compounds, diverse in chemical 
structure and characteristics, found ubiquitously in plants. Over 4,000 different 
flavonoids have been identified within the major flavonoids classes that include 
flavones, flavonols, flavanones, flavans, anthocyanidins and isoflavones. These 
flavonoid compounds share the same basic structure consisting of two aromatic rings 
joined in a chromane structure by a three-carbon unit: C6-C3-C6. A variety of in vitro 
and in vivo experiments have shown that selected flavonoids possess anti-allergenic, 
anti-inflammatory, anti-viral and anti-mutagenic activities. Flavonoids are potent 
antioxidants, free radical scavengers, metal chelators and inhibitors of lipid 
peroxidation. 
In this research, there were thirty-three flavonoids selected for the 
determination of their antioxidant activities. Various in vitro assay methods were 
employed, including the (3-carotene bleaching method, the DPPH* scavenging 
method and the TEAC assay method. It was found that the structural requirements 
for the antioxidant and free radical scavenging functions of flavonoids include the 
following: (1) a hydroxyl group at C3, (2) a double bond between C2 and C3, (3) the 
conjugation of the double bond with a carbonyl group at C 4， a n d (4) the 
polyhydroxylation of A and B aromatic rings. Among the flavonoids studied, 
quercetin was found to possess the strongest antioxidant activity, followed by 
myricetin and morin. 
The single cell gel oxidative electrophoresis (Comet assay) was used to 
determine the protective effect of flavonoids on DNA damage. This protective effect 
showed similar structure-activity relationship, that is, flavonoids with structure 
confers to higher antioxidant activity exhibited stronger protective effect on DNA 
ii 
damage induced by hydrogen peroxide. In this study，gossypetin was found to be an 
effective antioxidant to protect hydrogen peroxide mediated DNA breakage at a 


























、 力，包括(一)一個氫氧基於C3的位置、（二)一個雙鍵在C2與C3之間、（三)一個 • 
雙鍵及一個C4頻基的結合及(四)A和B芳香族環的多經基化作用。於已測試的 
類黃酮中，槲皮素(quercetin)持有最強的抗氧化活性’接著的是楊梅樹皮素 
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Introduction 
Chapter 1 Introduction 
1.1 Flavonoids 
Flavonoids are important secondary metabolites that widely distributed in the plant 
kingdom. Over 5000 different naturally occurring flavonoids have been identified and 
described (Harborne, 1994). They have long been discussed to possess 
anti-inflammatory, antibiotic, anti-ulcer, anti-diarrheal, antioxidant, anti-allergic, 
anti-viral and anti-carcinogenic activities (Bravo, 1998; Harborne, 1986; Middleton et 
al., 1994). There are six major classes of flavonoids: they are flavanones, flavones, 
flavonols, isoflavonoids, anthocyanidins and flavans. They differ structurally around the 
heterocyclic oxygen ring leading to different biological characteristics, as well as 
antioxidant activities. Other flavonoid classes include aurones, chalcones and coumarins. 
1.1.1 The six major classes of flavonoids 
1.1.1.1 Flavanones 
Flavanones mostly occur in peel of citrus fruits and are responsible for the 
contribution of tastes. For example, naringenin, a neohesperidose flavanone, is found in 
grapefruit and is usually bitter; hesperedin, a rutinose flavanone, is a major citrus 





The other class of flavonoids is flavones, which contribute to plant tissue color 
under high concentrations or when complexed with metal ions. However, they are not 
frequently found in fruits, but are mostly found in grains and herbs. The most common 
flavones are apigenin and luteolin. Together with their glycosides, they are found in 
vegetables, particularly, the leaves of vegetables (Wollenweber et a/.,1981; Saunders et 
al., 1976). Moreover, they also participate in taste. For example, nobiletin is highly 
methoxylated flavone and bitter in taste (Horowitz, 1986). 
1.1.1.3 Flavonols 
Flavonols are found throughout plant foods and occur in all fruits and vegetables. 
In fruits, flavonols and their glycosides are found predominantly in the skin 
(Wollenweber et a/.,1981). The best known flavonols is quercetin, which is ubiquitous in 
fruits and vegetables. Quercetin glycosides predominate in vegetables or in leaves of 
various vegetables. Kaempferol is the most common among fruits and leafy vegetables, 
such as berries, herbs, legumes and root vegetables (Herrman, 1976). 
1.1.1.4 Isoflavonoids 
Isoflavanoids can be divided into isoflavanones, isoflavones and isoflavonols. It is 
a distinct class of flavonoid, because it differs structurally from the common flavonoids 
in the B ring orientation. They are best known for their estrogenic activity. They are 
found predominantly in legumes. Soybeans are the major source of daidzein and 
genisten, which are also found in black beans, green split peas and clover sprouts 





Anthocyanidins are charged and colored flavonoids. They are universal plant 
colorants and are largely responsible for the cyanic colors of flower petals and fruits. 
However, the color is pH dependent. They are usually red in pH 3.5 and becoming 
colorless and shifting to the blue as the pH is increasing. Also, they occur in a complex 
mixture possibly with flavones and metal ions, such as iron and magnesium in flowers. 
Besides, they are mostly found in edible cereals, roots, green vegetables, and especially 
associated with fruits, such as, cyanidin and peonidin (Pierpoint, 1986). 
1.1.1.6 Flavans 
I 
Flavans is the class that are complicated in structure and naming, because they are 
what were once called catechins, leucoanthocyanins, proanthocyanins or tannins. They 
are seldom glycoslated, but may also be esterified with gallic acid and they are usually 
part of a biflavan or triflavan, so the naming of these compounds has been changed. For 
these compounds, they are mostly found in fruits and tea, such as catechin and 
epicatechin (Lee et al., 1995; Pierpoint, 1986). 
1.1.2 Structural variation of flavonoids 
One of the largest classes of plant phenolics is the flavonoid. The basic carbon 
skeleton of a flavonoid contains 15 carbons in a Ce-C^-Ce arrangement, with two 
aromatic rings connected by a 3-carbon bridge (Figure 1.1). This structure results from 
two separate biosynthetic pathways. The bridge and one aromatic ring (ring B) are 
produced from shikimic acid pathway via phenylalanine. The 6 carbon of the other 
3 
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aromatic ring (ring A) is originated from three acetate units, which are produced via 
malonic acid pathways (Heller et al., 1994). 
Flavonoids are classified into different classes, which based primarily on the degree 
of oxidation of the 3-carbon bridge. The variations in the heterocyclic ring C give rise to 
flavonols, flavones, flavanones, anthocyanidins, flavans and isoflavonoids. Flavones and 
flavonols are biosynthetically distinct, but they can be grouped conveniently under one 
heading owing to their close chemical relationship. Flavones have substitutions on the 
A- and B- rings but lacking the oxygenation at C3 (Figure 1.2a). However, flavonols 
have a hydroxyl group at C3, so chemically, flavonols are 3-hydroxyflavones (Figure 
1.2b). Therefore, these two classes were treated together in the flavonoid series. The 
most common flavone is apigenin, while flavonols are kaempferol and quercetin. 
There are two structural features for characterization of flavanones. They are 
absence of C 2 - C 3 double bond, and the presence of a chiral center at C2. The majority of 
naturally occurring flavanones has the C2 phenyl group oriented down, or beneath the 
plane of the paper (Figure 1.2c). The best known example is naringenin, which is the 
first cyclized flavonoid to be formed in the normal flavonoid biosynthetic pathway. 
Anthocyanidins constitute the most conspicuous group of flavonoids, because they 
are charged and colored flavonoids. Anthocyanins are glycosides that there is always a 
sugar at C3 and frequently additional sugars at C5 and C7 position (Figure 1.2d). Without 
their sugars, anthocyanins are known as anthocyanidins. Further modification of 
glycosides through acylation and through complexation with noncyanic flavonoids and 
metal ions can also occur. The most commonly occurring anthocyanidins, with their 




While flavans or proanthocyanidins are the most complex members of flavonoid 
family, as mentioned, they have different names. For leucoanthocyanidin (Figure 1.2e), 
it is used to define monomeric compounds that require breakage of a carbon-oxygen 
bond for the formation of an anthocyanidin, such as flavan-3-ols or flavan-3,4-diols. On 
the other hand, proanthocyanidin is defined as oligomeric compound, which requires 
breakage of a carbon-carbon bond for the formation of color. This is formed as two to 
several monomeric flavan-3-ol units joined by C-C bonds. Also, the positions involved 
in the bond and the bond direction are indicated in parentheses. The stereochemistry is 
i 
expressed using alpha-beta system. For example, catechin-(4a->8)-catechin is a dimeric 
proanthocyanidin, whereas catechin is the monomeric leucoanthocyanidin. 
|| i 
Finally, isoflavonoids are the groups of flavonoids that have the B-ring attached at 
the C3 of a phenylchromane skeleton, so it is easier to distinguish them from the other 
classes of the flavonoids. In this class, they can be subdivided into isoflavones (Figure 
1.2f), isoflavanones and isoflavans, all of them are differ in the structures but related in 
the C3 attachment. 
The basic flavonoid carbon skeleton may have numerous substituents. The most 
common is hydroxyl group, they are usually present at position 5, 7 and 4，，but may also 
be found at other positions. Sugars are very common as well, since these flavonoids 
often occur naturally as glycosides. However, both hydroxyl groups and sugars would 
increase the water solubility of flavonoids. While other subsitituents, such as methyl 
ethers or modified isopentyl units, would make flavonoids more lipophilic. Therefore, 
different types of flavonoids perform very different functions in the plant, such as 




1.1.3 The roles of flavonoids 
Flavonoids are secondary metabolites occur ubiquitously in plant and serve many 
useful functions. They are primarily recognized as the pigments responsible for the 
autumnal burst of hues and the many shades of yellow, orange and red in flowers and 
foods of plant origin (Brouillard et al., 1988). For example, flavonoids are found in 
fruits, vegetables, nuts, seeds, herbs, spices, as well as tea and red wine. There is 
increasing evidence that flavonoids, particularly when they are located at the upper 
surface of the leaf or in the epidermal cells, have a role to play in the physiological 
survival of plants by UV-B protection (Gerald et al, 1998; Harborne et al., 2000). In 
addition, flavonoids can make some contribution to disease resistance, either as 
constitutive antifungal agents or as phytoalexins (Taiz et aL, 1991). Some studies 
reported that the flavonoids could promote or inhibit physiological responses in plants 
by interaction with specific plant growth hormone (Harborne et al., 2000). Besides, 
some of the flavonoids can act as signals for pollen germination in flowering plants 
(Bohm, 1998; Dakora, 1995). 丨 
Apart from the roles play in plants, flavonoids are thought to have positive effects 
on human health. The beneficial health effects are caused by their antioxidant properties 
and their inhibitory role in various stages of tumor development in animal studies (Di et 
al., 1999; Ryu et al., 1994). Also, in a 10-year follow-up study, the risk of coronary heart 
disease death of over 34,000 postmenopausal women was decreased with total flavonoid 
intake (Yochum et al., 1999). Since flavonoids cannot be synthesized in human, the 
dietary intake is the only means to obtain these compounds. An estimation of intake 
varies from 23 mg/day to 1000 mg/day, but the species of flavonoids being assessed 




1.2 Free radicals, oxidative stress and antioxidants 
Autoxidation of lipids and the generation of free radicals are natural phenomena in 
biological and food systems. The formation of free radicals in our body is associated 
with the pathology of several human diseases, including cancer, atherosclerosis, malaria, 
cardiovascular disease, age-related diseases and neurodegeneractive diseases (Anderson 
et al., 1999; Di et al., 1999; Diplock et al., 1998). The issue of free radicals, reactive 
oxygen species (ROS) and antioxidants has been widely discussed in the clinical and 
nutritional literatures. Antioxidants are also used as food additive to retard the onset of 
lipid oxidation in food products. 
1.2.1 Oxidants and free radicals 
ROS are the oxidants with a tendency to donate oxygen to other substances. Many 
of them are free radicals. A free radical is defined as any chemical species capable of 
independent existence that contains one or more unpaired electrons. This unpaired 
electron occupies an atomic or molecular orbital by itself (Halliwell et al., 1989, 1994). 
The presence of one or more unpaired electrons causes the species to be paramagnetic 
and makes the species highly reactive. These radicals can be formed by the loss or gain 
of a single electron from a non-radical. The most important oxygen-centered radicals are 
hydroxyl radical (OH.), superoxide anion radical (CVO, nitric oxide radical (NO*) and 
lipid peroxyl radical (LOO*). Besides free radicals, ROS include also the non-radicals, 
such as hydrogen peroxide ( H 2 O 2 ) , singlet oxygen (^62), hypochlorous acid (HOCl) and 
ozone (O3) (Halliwell et al., 1992; Haillwell, 1996). As shown in Table 1.1, the free 
7 
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radicals and non-radicals in the human body are derived from normal, essential 
metabolic processes or as a result of exposure to environmental factors. 
1.2.2 Lipid peroxidation (LPO) 
In general, the subject of LPO is inseparable from that of free radical biochemistry, 
since the detection and measurement of LPO are frequently acting as evidence to support 
the involvement of free radical reactions in toxicology and human disease (Halliwell et 
1 
al., 1990). In food, these reactions can lead to rancidity, loss of nutritional value from 
the destruction of vitamins and essential fatty acids, and the possible formation of toxic 
and colored products. Lipid peroxidation, also known as autoxidation, is the oxidative 
I 
. [ 
destruction of polyunsaturated fatty acids (PUFAs) in an autocatalytic and uncontrolled 
process (Cheeseman, 1993). 
Autoxidation is a direct free radical chain reaction of a lipid molecule with a 
j i 
molecule of oxygen. The overall mechanism of autoxidation consists of three distinct ！ 
stages: initiation, propagation, and termination. In the initiation stage, unsaturated lipid 
(RH) will give rise to free radicals (R.) when the fatty acid is in contact with oxygen as 
shown by Equation 1.1. Free radicals abstract a hydrogen radical from polyunsaturated 
fatty acid to form lipid radical. And, these lipid radicals were usually mediated by trace 
metals, irradiation, light or heat. 
RH • R. + H. (1.1) 
ROOH • R. + HO. (1.2) 
2R00H • RO- + ROO- + H2O (1.3) 
8 
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In the subsequent propagation stage, the lipid radical reacts with molecular oxygen to 
form the lipid peroxyl radical (Equation 1.4). This lipid peroxyl radical would break 
down to generated more free radical, thus can maintain the chain of reaction. 
R. + ^02 • ROO- (1.4) 
ROO + RH • ROOH + R- (1.5) 
Finally, the chain reaction will end in the termination stage, the free radical species 
would react with each other or with antioxidants to form inert products. And, this can 
I 
！ 
lead to the interruption of the repeating sequence of propagation steps of chain reaction. 
R. + R- • R - R (1.6) 
R- + ROO- • ROOR (1.7) I 
i j 
ROO- + ROO- • ROOR + O2 (1.8) 
. ！ 
I j 
1.2.3 Oxidative stress and human diseases 
Human body has several mechanisms for defense against free radical and other 
reactive oxygen species (ROS). The most important line of defense is a system of 
enzymes. Equation 1.9 shows the removal of O2'' is catalyzed by superoxide dismutase 
(SOD). 
SOD 
2O2- + 2H+ • H2O2 + O2 
(1.9) 
As shown in Equation 1.10 and 1.11, glutathione peroxidase (GPx) removes H2O2 by 
using itself to convert reduced glutathione (GSH) into its oxidized form (GSSG). 
Gpx 




ROOH + 2GSH • ROH + 2H2O + GSSG (1.11) 
While Catalase is largely sequestered in peroxisomes that may have some significance in 
the general intracellular scavenging of hydrogen peroxide (Equation 1.12). 
Catalase 
2H2O2 • O2 + 2H2O (1.12) 
Thus, these enzymes can decrease the concentration of most harmful oxidants in cells 
(Langseth, 1995; Jadhav et al., 1996). In general, the production of ROS and antioxidant 
i I 
defenses are approximately balance in vivo (Halliwell, 1996). However, when the 
exposure to exogenous sources of oxidants is high, the body's antioxidant defenses may 
be unable to cope with. This results in oxidative stress, an imbalance between 
pro-oxidants and antioxidants. Oxidative stress causes damage in many biological 
molecules. Proteins and DNA are significant targets in cellular injury. Another target of 
free radicals attack in biological systems is the lipid of cell membranes (Halliwell et aL, 
1992; Comporti et al” 1994). Moreover, LPO products originating from dying cells 
could exert a cancer promotional effect. Recent studies suggest that LPO was associated 
with the development of atherosclerosis, stroke and myocardial infarction, as well as the 
deterioration of the brain or spinal cord that eventually to be traumaor ischemia 
(Halliwell et aL, 1990). Some types of damage that can result from the actions of free 
radicals were illustrated in Figure 1.3. 
1.2.4 Role of food antioxidants 
The most commonly used method of retarding LPO in fatty foods is by the addition 




deterioration, rancidity or discoloration. Base on their functions, they can be classified 
into two types: primary or chain-breaking antioxidants, which interrupt the radical chain 
reaction by donating hydrogen or electrons to free radicals and converting them to more 
stable products; and secondary or preventive antioxidants, which inhibit or retard the 
formation of free radicals from their unstable precursors, particular the hydroperoxide 
(Rajalakshmi et al” 1996; Scott, 1997). The classification of food antioxidants is 
shown in Figure 1.4. 
1.2.5 Synthetic and natural food antioxidants 
Both synthetic and natural antioxidants are used to retard the onset of lipid ‘ 
oxidation in food products. Synthetic antioxidants are mainly phenolic compounds 
including butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT), tert-h\xXy\ 
hydroquinone (TBHQ), and propyl gallate (PG). The use of synthetic antioxidants is 
limited due to the concern of safety. For the typical synthetic antioxidants, BHA and 
BHT had been reported to be carcinogenic, so the use of these compounds was restricted 
(Branen, 1975; Ito et al., 1983). In general, natural antioxidants are preferred by 
consumers, since they are considered to be safe. Therefore, there is increasing awareness 
of the promotion and the usage of natural antioxidants over the synthetic antioxidants. 
In recent years, a wide range of natural antioxidants has been identified from plants, 
animals, microbial sources and processed food products. Some of the natural 
antioxidants are listed in Table 1.2. Most of them possess the potential to scavenge and 
quench various radicals (oxygen-centered; carbon-centered; alkoxyl, peroxyl, or 
phenoxyl radicals) and ROS (Middleton et al., 2000). Among these compounds, vitamin 
E (a-tocopherol) and vitamin C (ascorbic acid) are widely used in food products. 
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1.3 Antioxidant properties of flavonoids 
To define a substance as antioxidant, it must satisfy two basic criterias: (1) it must 
delay, retard, or prevent the autoxidation or free radical-mediated oxidation when 
present in low concentration relative to the substrate to be oxidized; (2) the resulting 
radical formed after scavenging must be stable through the intramolecular hydrogen 
bonding or by further oxidation (Rice-Evans et al., 1996). For plant flavonoids, their 
electron-donating properties have been repeatedly emphasized as the basis of their 
antioxidant action (Bor et al., 1995; Jovanovic et al., 1994). In conjugation with vitamin 
C and vitamin E, flavonoids were reported to possess the inhibition of lipid peroxidation 
in the pospholipid bilayer by trapping chain-initiating radicals (Ross et al., 2002). 
In recent reports, the antioxidant activity and free radical scavenging activity of 
plant flavonoids had been identified and reviewed by Kandaswami et al. (1994 and 
1995). Several researches had investigated the antioxidative activity of these flavonoid 
compounds and had attempted to establish the structural-activity relationships (SAR) of 
flavonoids (Cao er al., 1997; Rice-Evans et al., 1996; Salah et al., 1995; Sichel et al., 
1991; Van Acker et al., 1996). As antioxidants, the activity of flavonoids is influenced 
by a number of structural features, including the presence of: (1) a hydroxyl group in 
position three of the C ring (Rice-Evans et al., 1996; Sichel et ah, 1991); (2) hydroxyl 
groups in the B ring (Pekkarinen et aL, 1999; Cao et al., 1997); (3) the double bond 
between position 2 and 3 in the C ring (Pekkarinen et al., 1999; Rice-Evans et al., 1996); 
(4) 2,3 double bond in conjugation with the carbonyl group in position four of the C ring 
(Pekkarinen et al., 1999; Rice-Evans et al., 1996); (5) the or/Zzo-dihydroxyl substitution 
in the B ring (Cao et al., 1997; Salah et al., 1995); (6) the presence of glycosylation 
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(Pekkarinen et aL, 1999; Sichel etal., 1991). 
1.4 Determination of the antioxidant activity 
Oxidation in the biological system and in food products may involve more than one 
mechanism, therefore a single assay system would not be representative for the 
assessment of the antioxidant potential of a particular compound. In this study, different 
methods were used to assess the antioxidant activities of flavonoids. As lipid oxidation 
is generally considered to be initiated by free radical attack, assays to evaluate the 
radical scavenging activity are representative of the potential of a compound to retard 
oxidation. 
1.4.1 Trolox equivalent antioxidant capacity (TEAC) assay 
The TEAC assay, described firstly by Miller et al. (1996), was based on 
scavenging of stable radical anions (ABTS ). Those radicals are generated through the 
peroxidase activity of metmyogloblin in the presence of hydrogen peroxide and detected 
by spectrophotometer at 734 nm. In this assay, the antioxidants are added before the 
radical formation. However, Strube et al. (1997) showed that these "pre-addition" assays 
might result in overestimation of the antioxidant capacity due to compounds interfering 
with the formation of ABTS and proposed a "post-addition" protocol, in which 
compounds were added after radical formation. 
To circumvent interference in the radical generation process, a modified TEAC 
assay using pre-generated ABTS.+ radical cations are used (Miller et al, 1996). This 
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spectrophotometric method is based on the reduction of the blue-green ABTS + radical, 
which has absorption maxima in the near-infrared region at 645 nm, 734 nm and 815 nm. 
In the improved method, the long-lived specific ABTS+ radical cations are 
pre-generated through the reaction between 2,2'-azinobis(3-ethylbenzothiazoline 
-6-sulphonate) (ABTS) and MnOi. 
Firstly，those radicals are preformed to an equilibrium concentration and then allow 
to be decolorized by antioxidants. The addition of antioxidants reduces ABTS + to an 
extent and on a time-scale depending on the antioxidant capacity of the substances. Thus, 
the extent of decolorization is determined as percentage inhibition of the ABTS + radical 
cations. This acted as a function of concentration and time that calculated relative to the 
reactivity of a synthetic antioxidant, Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid), which acts as a standard under the same conditions (Re et aL, 1999). 
By comparing the scavenging capacity of antioxidant compounds to that of Trolox, a 
water-soluble vitamin E analogue, the "Trolox Equivalent Antioxidant Capacity" (TEAC) ’ 
value can be assessed. The TEAC was defined as the millimolar concentration of a 
Trolox solution having the antioxidant capacity equivalent to a ImM solution of the 
substance under investigation (Rice-Evan et al., 1995). 
1.4.2 DPPH radical scavenging assay 
Among those radical scavenging assays, the one based on the utilization of DPPH 
free radicals was also chosen due to its simplicity and wide acceptance for comparative 
purpose. The method of scavenging stable DPPH free radicals can be used to evaluate 
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the antioxidant activity of specific compounds or extracts in a short time 
(Brand-Willams et al” 1995). The free radical scavenging method was first described by 
Blois (1958). As Equations 1.13 and 1.14, the effect of an antioxidant (AH) or a radical 
species (R*) on DPPH radical scavenging is thought to be due to their hydrogen donating 
ability, since the DPPH radicals can accept an electron or hydrogen radical to become a 
stable and diamagnetic molecule irreversibly. 
DPPH' + AH • DPPH-H + A' (1.13) 
DPPH' + R* • DPPH-R (1.14) 
Because of its odd electron, the DPPH radical showed a strong absorption band at 
515 nm in visible spectroscopy and its solutions appeared as deep violet color. As this 
electron was paired off in the presence of a free radical scavenger, the absorption 
vanished and the resulting decolorization was stoichiometric with respect to the number 
of electrons taken up (Fauconneau et al., 1997). Thus, the disappearance of DPPH 
absorption was representative of the ability of the compounds to scavenge free radicals 
and used to determine antioxidant activity of equimolar concentrations of the standard 
compounds. The stronger scavenging ability of the antioxidant, the faster and greater the 
decrease in the absorbance. 
1.4.3 P-carotene bleaching assay 
The use of p-carotene bleaching for ranking the antioxidant activities of compounds 
was first described by Marco (1968). Under heating (50 °C), the coupled oxidation of 
linoleic acid and p-carotene occurs in an emulsified aqueous system. As a result, the 
p-carotene was decolorized and hence the decrease of the absorbance. However, the 
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lipid oxidation can be terminated with the addition of an antioxidant. Therefore, the 
stronger the ability to minimize the bleaching of P-carotene, the stronger the antioxidant 
activity of the test compounds. 
Since the p-carotene method is a simple method and carried out in an emulsified 
system, most studies use this method to screen the antioxidant activity in food sources. 
For example, the antioxidant activity have been shown in fresh pepper (Lee et al., 1995), 
rooibos tea (Von Gadow et al., 1997a, b & c), as well as fruits, vegetables and grain 
products (Velioglu et al., 1998). 
1.5 Single cell gel electrophoresis assay (Comet assay) 
The single cell gel electrophoresis (SCGE) assay, also known as the Comet assay, is 
a sensitive, reliable and rapid technique for measuring DNA breakage in individual cell 
level and specifically for detecting oxidative DNA strand breaks (Singh et al., 1988; 
Mckelvey-Martin et al., 1993). This method has been applied in various areas, one of 
which was the investigation of the protective effect of antioxidant on DNA damage : 
(Anderson et al., 1994; Noroozi et al, 1998; Duthie et al” 1997). Different agents can 
be used to induce DNA damage, the most commonly used agents are hydrogen peroxide 
and radiation (Panayiotidis et al., 1999; Dizdaroglu et al., 1991). In 1978, Rydberg and 
Johanson first introduced this technique. They embedded cells in agarose on slides under 
mild alkaline conditions to allow the partial unwinding of DNA. After neutralization and 
staining with acridine orange, the extent of DNA damage was quantified by measuring 
the ratio of green (indicating double-stranded DNA) to red (indicating single-stranded 
DNA) fluorescence using a photometer. In 1984, Ostling and Johanson greatly improved 
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the sensitivity for detecting DNA damage in isolated cells and developed a microgel 
electrophoresis (MGE) technique, commonly known as the comet assay. In this 
technique, the cells embedded in low-melting-point agarose gel on a microscope slide 
were lysed by detergents and high salt treatment at pH 10, the liberated DNA was 
electrophoresed under neutral conditions (Rojas et al., 1999). The neutral condition 
treatment is responsible for double-strand breakage detection. However, an alkaline 
condition treatment was carried out in my study. This treatment is capable for detecting 
DNA single-strand breaks and was introduced by Singh and his colleagues in 1988 
(Singh et al, 1988). 
After alkaline electrophoresis, DNA starts to unwind from sites of strand breakage 
and the charged DNAs move away from the nucleus under electrical current pull. Cells 
with increased DNA damage display increased migration of the DNA from the nucleus 
towards the anode under an electrical current, giving the appearances of a "comet tail", 
which was measured to determine the extent of DNA damage (Fairbairn et al., 1995). , 
There are many different parameters that can be used to measure DNA damage. Among 
those parameters, tail length and tail moment are the most common. However, tail length 
reflects only the degree of DNA damage in a lesser extent, since further damage can 
increase only the DNA content in the comet tail but not the tail length. Under this 
situation, tail moment would be a more suitable parameter to determine DNA damage. 
While tail moment is the product of percentage of total DNA in the tail distribution and 
the displacement of the centers of mass of the head and tail (Thomas et al., 1998). 
This technique is particularly valuable, since the advantages of it include: (1) the 
detection of DNA damage and repair can be collected at the level of the individual cells, 
(2) only a small number of cell samples (from 1 to 10,000 cells) is required, (3) data can 
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be obtained within a few hours of sampling, (4) the assay is sensitive, simple and cost 
effective, (5) almost any eukaryotic cell population can be used, (6) the assays can 
evaluate DNA damage in non-proliferating cells (Rojas et aL, 1999). 
However, there are many factors, which may influence the DNA migration during 
the electrophoresis. For examples, pH, treatment temperature, treatment period with 
lysis solution and the electrophoresis buffer as well as other factors (Olive et al., 1992; 
Tice, 1995; Klaudem et aL, 1996). 
1.6 Determination of the genotoxicity 
Instead of antioxidant activity, some flavonoids also possess prooxidant action 
(Hanasaki et al, 1994; Sahu et al, 1993). This action was reported to cause some harmful 
effects. For example, some related flavonoids were found to be genotoxic in vitro and 
this was suspected to result from prooxidant activity (Ahmad et al, 1992; Popp et al, 
1991). Therefore, it is important to determine the genotoxicity of flavonoids, which are 
consumed for the purpose of their beneficial effect as dietary antioxidants. 
Mutatox® test is a simple, sensitive, predictive and rapid screening tool that detects 
DNA-damaging substances, known as genotoxins (Johnson, 1992). This is based on the 
use of a special dark mutant of luminescent bacterium (Vibrio fischeri, strain Ml69) to 
detect the presence of mutagenic or genotoxic agents. Unlike normal luminescent 
bacteria, strain Ml69 is a dark variant and produces very low light during its growth 
cycle. However, this strain exhibits increased light production when grown in the 
presence of sub-acute concentrations of genotoxic agents, including base substitution, 
frameshift, DNA synthesis inhibitors, DNA damaging agents and DNA intercalating 
agents (Azur Environmental, 1995). 
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1.7 Research objectives 
It has been reported that the chemical structure of flavonoids confers to their 
antioxidant activities (Cao et al., 1997; Rice-Evans et al., 1996; Sal ah et al‘, 1995; 
Sichel et aL, 1991; Van Acker et al., 1996). One of the objectives of this research is to 
carry out a more comprehensive study on the structure-antioxidant activity relationship 
of this class of plant metabolite. Three different assay methods are employed to 
determine the free radical scavenging abilities of thirty-three structurally related 
flavonoids under both hydrophilic and lipophilic conditions. Among the radical 
scavenging assays, the two water-soluble free radicals used for assessing antioxidant 
activity are 2,2'-azinobis (3-ethyl- benzothiazoline-6-sulfonic acid) (ABTS+) and 
2,2-diphenyl-1 -picrylhydrazyl (DPPH*). In addition, the P-carotene bleaching assay is 
also selected for antioxidant activity determination, since it is carried out in a lipophilic 
emulsion system. 
The second objective is to evaluate the protective effects of those flavonoids 
identified to possess high antioxidant activities on the DNA damage induced by 
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Figure 1.2 The structures of six major classes of flavonoids. 
(a) Flavone; (b) Flavonol; (c) Flavanone; (d) Anthocyanidin; 
(e) Flavan; (f) Isoflavone. 
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Table 1.1 Sources of reactive oxygen species (ROS). (Langseth, 1995) 
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Table 1.2 Some naturally occurring antioxidants. 
(Rajalakshmi et a/., 1996) 























Vitamin C (Ascorbic acid)  
Vitamin E (a-Tocopherol)  
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Chapter 2 Materials and Methods 
2.1 Standards and reagents 
All flavonoids studied in this project were commercially available. Except 
(+)-catechin (98 %) which was from Sigma Chemical Co., the rest were purchased 
from Indofine Chemical Co.. The chemical names and chemical structures of these 
flavonoids were listed in Table 2.1 and Figure 2.1 to 2.6. L-ascorbic acid, BHA, BHT, 
caffeic acid, chlorogenic acid and d-a-tocopherol (Type VI) were supplied by Sigma 
Chemical Co. (Figure 2.7) and were used for the comparison with flavonoids. 
Sarkosyl, 8-hydroxquinoline, ethidium bromide, agarose (Low Melting Point), 
Triton X-100, Tris Base, typan blue solution (0.4 %), ABTS (2,2'-azinobis-
(3-ethylbenzothiazolin-6-sulfonic acid), manganese dioxide (activated), DPPH 
(1,1 -diphenyl-2-picryhydrazyl), p-carotene (Type II, HPLC grade), Tween 40, 
linoleic acid (99 %) were obtained from Sigma Chemical Co.. Agarose (NMP), 
hydrogen peroxide (30 %, w/v) and D-PBS (Dulbecco's phosphate buffered saline) 
were supplied by GibcoBRL Ltd.. Trolox (±)-6-hydroxy-2,5,7,8-tetramethy 1-
chroman-2-carboxylic acid was purchased from Fluka. Methanol and ethanol (HPLC 
grade) were obtained from Merck. The microscope slides were obtained from 
Shanghai Machinery Import and Export Company. 
2.2 Sample Preparation 
All flavonoids and other phenolic compounds were dissolved in methanol and 
subsequently diluted with methanol for introduction into the assay systems. All 
solutions were freshly prepared. 
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2.3 Trolox equivalent antioxidant capacity (TEAC) assay 
The free radical scavenging abilities of the selected compounds were assessed 
by the method of Miller et al. (1996). This technique was used to measure the 
relative ability of antioxidant substances by comparing with standard amounts of the 
synthetic antioxidant Trolox (6-hydroxy-2,5,8-tetramethyl-chroman-2-carboxylic 
acid), a water-soluble vitamin E analogue. 
ABTS'+ radical cations were prepared by passing a 5 mM aqueous stock 
solution of ABTS (2,2 ‘ -azinobis(3 -ethylbenzothiazoline-6-sulphonic acid 
diammonium salt) through manganese dioxide (MnOi) with Whatman filter papers 
(No. 1). Excess MnO: was removed from the filtrate by passing it through a 0.2 |uM 
Whatman PVDF syringe filter. This solution was then diluted in a 5 mM phosphate 
buffered saline (PBS) at pH 7.4 to an absorbance of 0.7 (土 0.02) at 734 nm and 
pre-incubated at 30 °C prior to use. Fresh ABTS'+ radical cation solution was 
prepared each day. A 2.5 mM Trolox stock solution was prepared in PBS. 
Ultrasonication was required to dissolve the crystals of Trolox. Fresh solutions were 
prepared daily by diluting 2.5 mM Trolox with PBS. 
All flavonoids and other phenolic compounds were dissolved in methanol to a 
concentration of 1 mM. After addition of 50 jjJ Trolox or test compounds to aliquots 
of 1 ml of ABTS.+ solution, each solution was vortexed for exactly 30 sec. The 
absorbance was taken at 734 nm at exactly Imin after the initiation of mixing. 
Decrease in absorbance at 734 nm was recorded at an interval of 30 sec for up to 6 
min with a Milton Roy Spectrophotometer at 30 PBS blanks and methanol blanks 
were run in each assay. The dose-response curve for Trolox was obtained by plotting 
the absorbance at 734 nm as a percentage of the absorbance of the remaining ABTS + 
solution against concentration. The activities of tested compounds were assayed at 
six concentrations (0-25 fiM final concentrations) which had been determined to be 
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within the range of the dose-response curve. All flavonoids and phenolic compounds 
assayed in triplicates at these six concentrations. Using the Trolox dose-response 
curve, the mean Trolox equivalent antioxidant capacity (TEAC) value was derived 
for each tested compound. This was calculated as the gradient of plot of the 
percentage inhibition of absorbance against concentration for various compounds 
dividing by the gradient of plot for Trolox. The TEAC value of tested compounds (X) 
was calculated based on the Equation 2.1: 
TEAC；, = A ^Trolox / ^ A x (2.1) 
2.4 DPPH* radical scavenging assay 
The DPPH* radical scavenging method of Brand-Williams et al. (1995) was 
used as the second method to determine the antioxidant activity of various 
compounds of interest. The methanolic solution of DPPH* was freshly prepared. The 
DPPH stock solution was stored at 4 °C and kept at dark to minimize the loss of free 
radical activity as recommended by Bloris (1958). A volume of 0.1 ml antioxidant 
solution in methanol was placed in a cuvette, and mixed with 3.9 ml of methanolic 
DPPH* solution (6 x 10"^  M). The decrease in absorbance at 515 nm was measured 
continuously at 1 min intervals with a Milton Roy spectrophotometer. The 
measurements were taken for 4 h. 
For the control, 0.1 ml of absolute methanol was used to replace the antioxidant 
solutions. Two different concentrations (0.5 mM and 1 mM) of each flavonoids and 
phenolic compounds were tested. All measurements were performed in triplicates. 
For each standard tested, the percentage inhibition on DPPH* radical at 5 min 
was determined according to the formula of Yen et al. (1994): 
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Ac (0) - Aa (t) 
% inhibition = x 100 (2.2) 
A c (0) 
Where Ac (o) is the absorbance of the control at time = 0 min; 
Aa (t) is the absorbance of antioxidant at time = 5 min. 
Moreover, the antiradical efficiency of the tested compounds was also 
determined. As the same of the above calculation, the percentage inhibition on 
DPPH* radical at level off was calculated. And, the percentage inhibition at level off 
was depended on the kinetic behavior of those antioxidants. Based on the time 
needed for the reading until level off, the kinetic behavior of antioxidant compounds 
were classified as follows: <5 min (rapid); 5-30 min (intermediate) and >30 min 
(slow). 
2.5 P-carotene bleaching assay 
The (3-carotene bleaching assay was used for the evaluation of antioxidant 
activity. This assay method was based on the coupled oxidation of p-carotene and 
linoleic acid and was conducted according to the method of Lee et al. (1995) with 
some modifications. An amount of 5 mg P-carotene was dissolved in 50 ml of 
chloroform and this solution could be stored at 4 °C for up to one month. 
To perform the assay, a 3 ml aliquot of (3-carotene chloroform solution was 
added to a round bottle along with 40 mg linoleic acid and 400 mg Tween 40. After 
removal of the chloroform under vacuum at 40 °C with a rotary evaporator, 100 ml 
of oxygenated distilled water was added to the (3-carotene emulsion and then mixed 
well. A volume of 40 \i\ of methanolic antioxidant solutions and 3 ml aliquots of 
oxygenated P-carotene emulsion were mixed well in the test tube. The tubes were 
placed in a water bath as soon as possible and incubated at 50 °C. Oxidation of the 
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emulsion was monitored by measuring the absorbance at 470 nm with a Milton Roy 
Spectronic Genesys 5 spectrophotometer. Absorbance of antioxidants were taken 
before (t = 0) and after incubation for 30 min (t = 30). 
The degradation rate of |3-carotene was calculated. Antioxidant activity was 
expressed as % inhibition relative to the control using the equation of Lee et al. 
(1995): 
{ [ Ac (0) - A c (30) ] - [As (0) - A s (30) ] } 
% inhibition = X 100% (2.3) 
.Ac (0) - A c (30). 
where Ac (0) is the absorbance of the control at t = 0 min; 
Ac (30) is the absorbance of the control at t 二 30 min; 
As (0) is the absorbance of the sample at t = 0 min; 
As (30) is the absorbance of the sample at t = 30 min. 
All the tested compounds were assayed in triplicates at two different 
concentrations (0.5 mM and 1 mM). For the control, absolute methanol was used 
instead of the samples. 
2.6 The comet assay 
In this study, the alkaline single cell gel electrophoresis (comet assay) procedure 
with some modifications was adopted to determine DNA damage of the standard 
samples (Anderson et al., 1994). 
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2.6.1 Preparation of reagents 
A. Dulbecco's phosphate buffered saline (PBS) (Mg2+, Ca^^ free): 135 mM NaCl, 
8.1 mM Na2HP04, 2.68 mM KCl, 1.47 mM K2PO4 at pH 7.4. A 1 L packet of 
Dublecco's PBS was dissolved in 1000 ml distilled water and adjusted the pH to 
7.4. After the solution was filtered and sterilized, it was stored at room 
temperature. 
B. Lysis solution: 2.5 M NaCl, 100 mM EDTA-Na], 10 mM Tris Base, and 1 % 
(w/v) sarkosyl at pH 10. It was freshly prepared daily and store at room 
temperature. After addition of Triton X-100 (1 %, v/v) and DMSO (10 %, v/v), 
the solution was refrigerated for at least 30 min prior to use. 
C. Electrophoresis buffer: 300 mM NaOH, 1 mM EDTA, 1 % (w/v) 
8-hydroxyquinoline, and 2 % (v/v) DMSO at pH >13. The solution was 
prepared fresh before each electrophoresis run. 
D. Neutralization buffer: 400 mM Tris base at pH 7.5. It was autoclaved at 121 
for 20 min and stored at room temperature until used. 
E. Staining solution: 20 )ig/ml ethidium bromide (EtBr) was dissolved in 
autoclaved distillated water and stored at 4 
F. Trypan blue solution: 0.2 % (v/v) Trypan blue solution in PBS (pH 7.4) was 
prepared and store at 4 °C. 
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2.6.2 Blood sample 
In a heparin treated tube, 0.5 ml of whole blood was collected from male ICR 
mice of 7-8 weeks old and kept on ice until processed. 
2.6.3 Optimal conditions of comet assay 
2.6.3.1 Induction of DNA damage 
To optimize the HzOi-induced DNA damage, red blood cells were incubated 
with 1 mM H2O2 for 10 min at 37 °C in a dark incubator. 
2.6.3.2 Antioxidant pre-treatment 
To inhibit the HiOi-induced DNA damage, 2 % of vitamin C (as positive 
control) in a total volume was added to the buffer containing blood cells with 1 mM 
of H2O2, and incubated for 2 h at 37 °C. 
2.6.4 Hydrogen peroxide (H2O2) treatment 
Two different treatment systems, namely co-incubation system and j 
pre-incubation system, were used in this study. 
2.6.4.1 Pre-incubation system 
A volume of 10 |LI1 of blood cells were pre-treated with the tested compounds 
under suitable conditions. After incubation for 2 h, the blood cells were pelleted by 
centrifugation, washed with 0.4 ml PBS two times and challenged with 0.5 ml 
appropriate concentration of H2O2. At the end of the treatment with H2O2, the cells 
were pelleted, washed and resuspended in 150 |LI1 PBS. For the viability assessment, 
50 III of the blood cells was drawn. 
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2.6.4.2 Co-incubation system 
A volume of 10 blood cells were transferred to an eppendorf tube containing 
a total volume 0.5 ml of H2O2 and tested compounds. After incubation for 2 h, the 
blood cells were pelleted by centrifugation at 2500 g for 3 min at 10 °C. The 
supernatant was removed as much as possible, the cells were washed twice with 0.4 
ml ice-cold PBS and resuspended in 150 ixi PBS. For the viability assessment, 50 
of the blood cells was drawn. 
2.6.5 Slide preparation 
In order to increase the adherence of the second gel layer, semi-frosted glass 
slides were pre-coated with normal melting-point agarose (NMA) (1 % w/v in PBS). 
While NMA remained hot, the slides were dipped up to one-half the frosted area. 
The agarose at backside was gently removed and the slides were dried on a warm hot 
plate. 
2.6.6 Cell lysis 
After the exposure to co-incubation or pre-incubation treatment, 100 of 
treated cells were mixed with 100 low melting-point agarose (LMA) (1.5 % w/v in 
PBS) at 37 °C. A volume of 65 |li1 mixture was rapidly pipetted onto a NMA 
pre-coated slide and spread using a coverslip (24 mm x 24 mm). The slides were 
transferred on to an ice bath in order to solidify the LMA. After removing the cover 
slips by gently sliding away from the surface of the gel, the slides were immediately 
immersed in freshly prepared cold lysis solution and maintained at 4 °C for at least 1 
h in the dark. For the control, slides must not be put into the lysis solution to prevent 
unnecessary strand breaks occur. 
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2.6.7 Alkaline treatment and electrophoresis 
The slides were removed from lysis solution and rinsed twice with distilled 
water. Excess liquid was drained and the slides were placed side by side in a 
horizontal gel electrophoresis tank containing freshly prepared cold electrophoreses 
buffer. The agarose ends needed to be close to the anode and any bubbles over them 
must be avoided. The slides were left to stand for 20 min at 4 °C to allow the 
unwinding of the DNA and expression of alkali labile damage before electrophoresis. 
The electrophoresis process was conducted at 4 for 20 min using 25 V and 
the current was adjusted to 300 mA by raising or lowering the buffer level. All 
processes must be performed under dimmed light to prevent the additional DNA 
damage. 
2.6.8 Neutralization 
After electrophoresis was completed, the slides were carefully removed from 
the tank and treated with the neutralization buffer for 5 min. After the neutralization 
step was repeated two more times, the slides were subsequently drained and 
dehydrated by immersion in absolute ethanol for 10 min. Finally, the slides were 
stored in an air-tight container until the scoring procedure was performed. 
2.6.9 Quantification of DNA damage 
After staining with ethidium bromide (20 |^l/ml), the DNA damage was 
visualized at 200x magnification using a fluorescence microscope (Nikon, Eclipse 
E-600) with an excitation filter of 510 nm to 560 nm. Fifty cells per slide were 
selected at random and their Mean Oliver Tail Moment (M.O.T.M.) was determined 
using an image analysis system (Komet 3.1 from Kinetics Imaging Ltd., Liverpool) 
linked to a CCD (Hitachi, KP-MIE/K monochrome CCD camera). This 
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computerized image analysis was the evaluation of relative amount of migrated DNA, 
presented either as the percentage of migrated DNA or as the ratio of DNA in the tail 
to DNA in the head. The concept of tail moment was introduced by Olive et al 
(1990). 
(Tail mean - Head mean) 
Olive Tail Moment = x 100 (2.4) 
Tail o/o DNA 
2.6.10 Cell viability analysis 
Cell viability was determined by mixing cell suspensions with an equal volume 
of 0.2 o/o (w/v) trypan blue solution in PBS. In this staining, dead (non-viable) cells 
take up the dyes turning the cytoplasm blue, whereas live (viable) cells do not. Cells 
were observed under a light microscope at lOOx magnification within 5 to 15 min 
after the exposure with dye. Both viable and non-viable cells were counted with a 
tally counter. The percent viability was calculated as follows: 
Number of Live cell 
% viability = x 100% (2.5) 
Total cell counted 
2.6.11 Statistical Analysis 
.Linear regression analysis of percentage of DNA damage (%) versus log 
concentration of antioxidant was used to assess the dose dependency of the 
protective effect. The concentration that would reduce the percentage of DNA 
damage (%) obtained in the absence of the flavonoids by 50 % (EC50) was estimated 
from the regression line as a comparative measure of efficacy. All assays were 
determined in triplicate and the results were presented as mean 士 standard deviation 
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(SD). The variability between the control and the various treatments were 
investigated by one-way analysis of variance (ANOVA) test together with Tukey's 
method using SPSS software. Differences with p <0.05 were considered statistically 
significant. 
2.7 Mutatox® test 
Mutatox® test was carried out with an Azur Toxicity M500 Analyzer (USA) 
following the test procedures outlined in the Mutatox® Manual (Azur Environmental, 
1995). All reagents and solutions were purchased from Azur Environmental. 
Mutatox® test measures the light output at 16, 20 and 24 h of incubation at 27 
using a special dark mutant of luminescent bacteria {V. fischeri, strain Ml 69). 
Toxicity from a test sample can interfere the Mutatox® test system. If the test 
sample concentration is highly toxic, the cells cannot express any mutagenic effects 
from the sample. Hence, all samples were measured at its EC50 for comparison and 
it was useful to select the test sample dilution that gave the greatest response ratio 
(highest light level at a sample dilution to the appropriate control light level). 
Suspected mutagenic agents are defined as those samples which induce the 
increase in light levels to at least two times the average control reading in at least two 
consecutive dilution (concentration) cuvettes (Azur Environmental, 1995). The 
requirement for at least two positive dilutions avoids scoring a sample positive that 
may be a spurious result. 
2.8 Statistical analysis 
All standards were determined in triplicate and the results are presented as mean 
土 standard deviation (SD). The results were investigated by one-way analysis of 
variance (ANOVA) test together with Tukey's method using SPSS software. 
Differences with p <0.05 were considered statistically significant. 
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Table 2.1 A list of thirty-three flavonoids studied on this project. 
Compound Name Chemical Name 
Apigenin 5,7,4'-trihydroxyflavone 
Apigenin-7-glucoside Apigenin-7-glucoside 
Biochanin A 5,7'-dihydroxy-4 ’ -methoxyisoflavone 
Catechin 3,5，7,3 ’ ,4 ’ -pentahydroxyflavan 








Genistein 5,7,4' -trihydroxyisoflavone 
Genistin Glucosyl-7-genistein 
Gossypetin 3,5,7,8,3',4'-hexahydroxyflavone 
2 ‘ -Hydroxyflavone 2 ‘ -hydroxyflavone 








Kaempferol 3,5,7,4' -tetrahydroxyflavone 
Morin 3,5,7,2',4,'-pentahydroxyflavone 
Myricetin 3,5,7，3 ’ ,4,, 5,-hexahydroxyflavone 
Ononin Formononetin-7-glucoside 
Prunetin 5,4'-dihydroxy-7-methoxyisoflavone 





Materials and Methods 
OH O OH O 
(a) (b) 
OH 
r ^ V ^ o H 
OH O L OH 
OCH3 
(c) (d) 
^ ^ \ 0 H ^ ^ \ 0 H 
(e) (f) 
Figure 2.1 Chemical structures of flavonoids. 
(a) Apigenin; (b) Apigenin-7-glucoside; (c) Biochanin; 
(d) Catechin; (e) Daidzein; (f) Daidzin. 
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OH 
^ ^ r ^ r ^ o H 
0 OH O 
(a) (b) 





y i r 
O L J v ^ OH o 
^ ^ 0CH3 
(e) (f) 
Figure 2.2 Chemical structures of flavonoids. 
(a) 3,6-Dihydroxyflavone; (b) Fisetin; (c) Flavone; 
(d) Flavonol; (e) Formononetin; (f) Galagnin. 
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V N ^ o h I T J 




O OH O 
(e) (f) 
Figure 2.3 Chemical structures of flavonoids. 
(a) Genistein; (b) Genistin; 
(c) Gossypetin; (d) 2'-Hydroxyflavone; 
(e) 3'-Hydroxyflavone; (f) 5-Hydroxyflavone. 
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OH O OH O 
(e) (f) 
Figure 2.4 Chemical structures of flavonoids. 
(a) 6-Hydroxyflavone; (b) 7-Hydroxyflavone; (c) Hyperoside; 
(d) Isoquercetrin; (e) Kaempferol; (f) Luteolin. 
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OH 
^ I ^ O H H O ^ Y ^ ^ O H 
OH O OH O 
(a) (b) 
OH 
OH O O L ^ ^ 
^ ^ ^ OCH3 
(c) (d) 
OH 
r ^ V ^ o H 
OH o L OH O 
V' 
(e) (f) 
Figure 2.5 Chemical structures of flavonoids. 
(a) Luteolin-7-glucoside; (b) Morin; (c) Myricetin; 
(d) Ononion; (e) Prunetin; (f) Quercetin. 
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OH 
r ^ V ^ o H 
OH o L ^^ J^L^  OH O 
^ ^ OCH3 
(a) (b) 
OH 
S ^ ^ S ^ O H 
OH O 
(c) 
Figure 2.6 Chemical structures of flavonoids. 
(a) Sissotrin; (b) Rutin; (c) Taxifolin. 
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Figure 2.7 Chemical structures of other phenolic compounds. 
(a) 3-BHA; (b) BHT; (c) L-ascorbic acid; 
(d) a-Tocopherol; (e) Caffeic acid; (f) Chlorogenic acid. 
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Chapter 3 Results 
3.1 Determination of antioxidant activity using Trolox equivalent antioxidant 
capacity (TEAC) assay 
3.1.1 Trolox standard reference 
The percentage inhibition of absorbance at 734 nm was calculated and plotted 
as a function of Trolox concentration for reference data. The dose-response curve for 
six sequentially stock standards of Trolox was shown in Figure 3.1. 
3.1.2 Antioxidant activity: ABTS + scavenging capacity 
The dose-response curve was obtained by analysis of tested compounds with a 
range of concentration (0-25 |LIM). The Trolox equivalent antioxidant activity (TEAC) 
value can be assigned to all compounds able to scavenge the ABTS + by comparing 
their scavenging capacity to that of Trolox. Two examples of J 
concentration-dependent effect in tested compounds were shown in Figure 3.2. The 
results showed that the scavenging capacity of tested compounds was linearly related 
to the concentrations examined. The ABTS.+ radical cation scavenging ability of 
different tested compounds in comparison with Trolox under defined conditions were 
illustrated in Figure 3.3. From the results, tested compounds with highest TEAC 
value was quercetin (7.03 士 0.07), followed by myricetin (6.67 士 0.17), morin (5.33 
士 0.17), rutin (5.27 ±0.10) and hyperoside (5.27 士 0.05). 
4 5 
Results 
3.2 Evaluation of antioxidant activity using free radical scavenging assay 
3.2.1 Free radical scavenging abilities at 5 min 
The antioxidant activities of selected flavonoids and other compounds were 
studied as free radical scavengers using DPPH* as a free radical. For each tested 
compound, two concentrations (0.5 mM & 1 mM) were assayed. The disappearance 
of DPPH* absorbance was determined until the reading reached to level off. For each 
concentration tested, the kinetic behaviours of various compounds were plotted in 
Figure 3.4 and Figure 3.5. 
In the case of 1 mM concentration, most compounds with higher antioxidant 
activities were shown to have similar absorbance and reach the maximum scavenging 
ability on DPPH* radical. Since the antioxidant activities of those compounds were 
higher enough to scavenge all the DPPH* radicals, so the absorbance did not decrease 
anymore. This might contribute to the difficult for the comparison of their 
antioxidant activities. While the absorbance curve of those compounds with 0.5 mM 
concentration were shown to be broadly separated and did not reach to the maximum 
scavenging ability. Therefore, the absorbance of tested compounds with 0.5 mM 
concentration was used for the calculation of percentage inhibition of DPPH* radical 
(%). 
In Figure 3.6, the percentage inhibition of DPPH* radical (%) was calculated at 
t = 5 min and shown in decreasing order. As TEAC assay, the highest percentage 
inhibition was found to be quercetin (94.22 % 士 0.05), and the followings were 
luteolin (69.96 % 士 0.05), myricetin (66.31 % 士 0.50), gossypetin (65.56 % 士 0.05), 
and luteolin-7-glucoside (53.80 % 士 0.05). 
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3.2.2 Antiradical efficiency 
Depending on the nature of antioxidant, the evolution of different reaction 
kinetics had been tested. The classification of the antiradical efficiencies was 
established according to the kinetic behaviours of tested compounds. From the 
results of 0.5 mM concentration, the reading at level off was used for the calculation 
of percentage inhibition of DPPH* radical (%). And, the time for reaching level off 
was recorded and noted. In Table 3.1, all compounds were classified in decreasing 
order of percentage inhibition of DPPH* radical, and as well as their kinetic 
behaviours. The highest antiradical efficiency was quercetin, which have the highest 
percentage inhibition (94.21 %) and rapid kinetic behaviour. 
3.3 Evaluation of antioxidant activity using p-carotene bleaching assay 
3.3.1 Optimal incubation time 
The effect of incubation time on the p-carotene bleaching assay was shown in 
Figure 3.7. It was found that the absorbance of P-carotene emulsion with methanol 
decreased steadily during the first 50 min of heat incubation and level off after 1 h. 
Therefore, the optimal incubation time was chosen at time = 30 min. 
3.3.2 Antioxidant activities: inhibition of P-carotene bleaching 
In p-carotene bleaching assay, two concentrations (0.5 mM & 1 mM) of the 
tested compounds were studied. For the purpose of comparison with DPPH* assay, 
the result of 0.5 mM concentration was used for the calculation. The antioxidant 
activities of tested compounds were expressed as percentage inhibition on p-carotene 
bleaching (%) and illustrated in decreasing order in Figure 3.8. A higher percentage 
inhibition represented a higher antioxidant activity of the compound. The flavonoid 
with highest antioxidant activity was found to be morin (85.90 % 士 0.30), followed 
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by quercetin (71.20 % 士 0.62), fisetin (64.52 % 土 0.78), isoquercetrin (57.99 % 士 
0.83) and kaempferol (56.54 % 士 0.06). 
3.4 Structure and antioxidant activities relationship (SAR) of flavonoids 
3.4.1 Effect of hydroxylation on the antioxidant activities of flavonoids 
3.4.1.1 Hydroxylation positions 
After the screening assays as mentioned above, the results were used to 
determine the relationship between the structural features and antioxidant activity. 
Firstly, the effect on antioxidant activity was compared in terms of hydroxylation 
position. In Table 3.2, the selected flavonoids have only one hydroxyl group, so the 
antioxidant activities of them were affected by the position of hydroxylation. In both 
DPPH* and TEAC assays, the results of all hydroxylation positions seem to have the 
similar free radical scavenging activities, while in (3-carotene bleaching assay, the 
hydroxylation at position 3 and 5 showed higher antioxidant activities than the other 
positions. Therefore, the hydroxyl group at position 3 and 5 were more important and 
contributed to higher antioxidant activity under lipophilic condition. 
3.4.1.2 Polyhydroxylation 
As shown in Table 3.3, the antioxidant activities of flavonoid with different 
degree of hydroxylation were compared. Flavonoids with 4 to 6 hydroxyl 
substitutions were relative higher in antioxidant activity than those with one to three 
hydroxyl substitutions. The lowest antioxidant activity was found at no hydroxyl 
substitution. Therefore, the scavenging ability of flavonoids was enhanced with the 
increasing number of hydroxyl groups, such as quercetin and myrietin, which had the 
greater hydroxyl groups and higher antioxidant activities. As a result, the degree of 
hydroxylation of flavonoids was also important to contribute the antioxidant activity. 
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3.4.2 Importance of B ring structures 
3.4.2.1 Increase hydroxylation in B ring 
From Table 3.4, galangin had the lowest antioxidant activity when compared 
with the other flavonoids, since no hydroxyl group was found in the B ring. The 
antioxidant activity of dihyroxyl arrangement in quercetin was significantly higher 
than that of the monohydroxyl arrangement in kaempferol. However, in comparison 
of myricetin with quercetin, the presence of three hydroxyl groups on B ring did not 
enhance the effectiveness of free radicals scavenging. Therefore, the presence of the 
third hydroxyl groups on the aromatic B ring did not improve the antioxidant 
efficiency in both hydrophilic and lipophilic assay conditions. 
3.4.2.2 The othro-dihydroxyX arrangement in B ring 
In addition to the degree of hydroxylation, the arrangement of hydroxylation 
was also important to the antioxidant activity. The othro-dihyxoxyX arrangement in 
i 
quercetin had higher antioxidant activity that the me/a-dihydroxyl arrangement in ； 
morin, despite the fact that both of them had two hydroxyl groups in the B ring 
(Table 3.5). However, in contrast to hydrophilic interactions, the 
or/zra-dihydroxylation in B ring was less important in lipophilic condition, because 
the antioxidant activity of morin was more effective than quercetin in p-carotene 
bleaching assay. Therefore, the o/Tzro-dihydroxyl arrangement in B ring would 
enhance the antioxidant activity in hydrophilic condition. 
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3.4.3 Importance of C ring structures 
3.4.3.1 The presence of a hydroxyl group at C3 
Besides the importance of B ring, the structure in C ring was also reported to 
contribute to the antioxidant activity. The presence of a hydroxyl group at C3 would 
enhance the antioxidant activity. In fact, the removal of C3 hydroxyl group in luteolin 
would have a lower scavenging activity than quercetin (Table 3.6). 
3.4.3.2 The blockage of hydroxylation at C3 
Moreover, the replacement of hydroxylation by glycosylation at C3 would also 
reduce the antioxidant activity, since the presence of a sugar moiety in rutin, 
isoquercetrin and hyperoside would block the hydroxyl group in C3, and contribute to 
lower activity. This was illustrated by the comparison with quercetin (Table 3.7). 
3.4.3.3 The presence of a double bond between C3 to C3 
Instead of hydroxylation, the double bond between C2 to C3 was also important. 
As shown in Table 3.8, the hydrogenation of this double bond would decrease the 
antioxidant activity in taxifolin, which had lower antioxidant activity when compared 
with quercetin. 
3.4.3.4 The presence of a carbonyl group at C4 
However, the presence of a carbonyl group at C4 was not as important as the 
double bond between C2 to C3. In comparison of catechin and taxifolin (Table 3.9), 
the presence of C4 carbonyl group in taxifolin did not enhance the antioxidant 
activity when compared with catechin, in which a carbonyl group at C4 was absent. 
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3.4.3.5 The conjugation of a carbonyl group at C4 with a double bond between 
C 3 to C 3 
Nevertheless, when the carbonyl group at C4 was conjugated with the double 
bond between C2 to C3, the antioxidant activity would be enhanced, as in the 
comparison of quercetin and catechin (Table 3.10). Catechin, which had an identical 
number of hydroxyl groups in the same position as quercetin, but the antioxidant 
activity of it was approximately half of the quercetin, since the conjugation of a 
carbonyl group at C4 with double bond between C2 to C3 would contribute to higher 
antioxidant activity. 
3.4.4 Effect of glycosylation 
Furthermore, the presence of a sugar moiety was reported to decrease the 
antioxidant activity by steric hindrance (Mora et al., 1990; Ratty et al” 1988). As 
mentioned previously, the glycosylation at C3 would decrease the antioxidant activity, 
because it would block the hydroxyl group at C3 (Table 3.7). As shown in Table 3.11, 
the glycosylation at C7 would contribute to lower antioxidant activity in lipophilic 
assay. However, in aqueous assays, the presence of a sugar moiety might not reduce 
the antioxidant activity and did not have any significant difference. 
3.5 Evaluation of protective effects on DNA damage using the comet assay 
Figure 3.8 showed a typical appearance of the "comet". The undamaged DNA 
was recognized as a fluorescent score. The increased DNA damage displayed 
increased migration of the DNA from the nucleus towards the anode forming a 
"comet tail” after gel electrophoresis. The bigger and more fluorescent were the tail, 
the greater was the DNA damage induced. 
All the assays were performed in triplicates. The cell viability of all the tests was 
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usually exceeding 90 %. The Mean Olive Tail Moment (M.O.T.M.) was used as the 
parameter to determine the degree of DNA damage. 
3.5.1 Optimization of conditions for the determination of HiC^-induced 
DNA damage 
3.5.1.1 H2O2 concentration & treatment temperature 
The blood cells were challenged by various concentration of H2O2 and 
incubated on ice or at 37 °C. As shown in Figure 3.10 and 3.11, the increase of tail 
moment was evident as a result of the increase in H2O2 concentration. At both 
temperatures, DNA damage significantly increased at H2O2 concentration of 1 mM 
and above. 
3.5.1.2 H2O2 treatment time 
The effect of H2O2 treatment time on DNA damage in the blood cells was 
illustrated in Figure 3.12. In the presence of 1 mM H2O2 at 37 °C, the DNA damage 
of the cells occurred after 5 min and reached a maximum after 10 min. Therefore, the 
optimal treatment time with at H2O2 was 10 min for the subsequent experiment in the 
pre-incubation system. 
3.5.1.3 Sample volume 
Different volume percentages (v/v) of methanol (solvent control) were tested for 
the cell viability. Among the tested percentages, cell deaths were induced (cell 
viability < 90 %) for sample volume above 6 % of the total volume as shown in 
Figure 3.13. Therefore, the volume percentage of vitamin C (positive control) of 2, 4 
and 6 % were tested for the protective effects on DNA damage. From Figure 3.14, all 
of the tested volume percentage expressed a statistically significant inhibitory effect 
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on H202-induced DNA damage. As a result, 2 % of the sample volume was used for 
further analysis. 
3.5.2 Protective effect of vitamin C on DNA damage 
Linear regression analysis of percentage of DNA damage (%) versus log 
concentration of antioxidant was used to assess the dose dependency of the 
protective effect. The dose-dependent reduction in oxidative DNA damage was 
observed in positive control (vitamin C). The dose-response curve in pre-incubation 
system and co-incubation system were shown in Figure 3.15 and Figure 3.16 
respectively. 
3.5.3 Protective effect of selected flavonoids on DNA damage 
From the results of the screening assays, the flavonoids with higher antioxidant 
activity were selected for further evaluation on their DNA protective effects by 
comet assay. Similar to vitamin C, all of the selected flavonoids were observed to 
have the dose-dependent reduction in oxidative DNA damage. Some examples of 
dose-response curves in pre-incubation system and in co-incubation system were 
shown in Figure 3.17 and Figure 3.18 respectively. 
The concentration of tested flavonoids that would result in a 50 % reduction in 
oxidative DNA damage (EC50) was estimated by linear regression analysis of the 
log-dose response curves. The EC50 of these flavonoids were illustrated in Figure 
3.19 and 3.20. The higher the EC50 of the flavonoids, the lower the protective effect 
on the DNA damage and the lower antioxidant activity of flavonoid was found. 
Results shown that myricetin and gossypetin had more hydroxyl groups exhibited the 




3.5.4 Structure and protective effects relationship (SAR) of flavonoids in 
comet assay 
3.5.4.1 The importance of B ring structures 
As mentioned, the hydroxylation of B ring had an important role in antioxidant 
activity. From Table 3.12, the lowest protective effect was found in galangin, since it 
had no hydroxyl group in B ring. And, the additional number of hydroxyl group in B 
ring would contribute to the increase of antioxidant activity, such as kaempferol, 
quercetin and myricetin. However, from the results of kaempferol, quercetin and 
myricetin, the further addition of hydroxyl groups did not contribute any significant 
increase of antioxidant activity. And, this was observed in both co-incubation and 
pre-incubation systems. 
On the other hand, the or/zro-dihydroxyl groups in quercetin and the 
me/a-dihyroxyl groups in morin were found to have the antioxidant activities with no 
significant difference in both systems (Table 3.13). 
3.5.4.2 The importance of C ring structures 
From the comparison of luteolin and quercetin as shown in Table 3.14, the 
presence of a hydroxyl group in C3 was found to contribute higher antioxidant 
activity in both co-incubation and pre-incubation systems. While the hydroxylation 
in C3 was replaced by the glycosylation in hyperoside, isoquercetrin and rutin, the 
antioxidant activity would be reduced. As Table 3.15, the highest antioxidant activity 
was found to be quercetin, and the replacement of those glycosylation would mostly 
contribute to a significant decrease of antioxidant activity. 
Instead of C3 hydroxylation, the presence of a double bond between C2 to C3 
was also important to the antioxidant activity. From Table 3.16, the absence of the 
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double bond between C2 to C3 in taxifolin would contribute to a lower antioxidant 
activity than quercetin. And, there was a significant difference between quercetin and 
taxifolin in the pre-incubation system. 
However, the presence of a carbonyl in C4 could not enhance the antioxidant 
activity in both of the systems. As Table 3.17, the C4 carbonyl group in taxifolin did 
not contribute to a higher antioxidant activity that catechin, which was absence of C3 
carbonyl group. And, there was no significant difference between them. 
Although the presence of a C4 carbonyl group was not important to the 
antioxidant activity, but the conjugation of this carbonyl group with a double bond 
between C2 to C3 could enhance the antioxidant activity. As the comparison of 
catechin and quercetin in Table 3.18, quercetin was found to have a higher 
antioxidant activity than catechin and there was a significant difference in the 
pre-incubation system, because these structural features were absence in catechin. 
3.6 Evaluation of genotoxicity of flavonoids using Mutatox® test 
Mutatox® test was used to detect the genotoxicity of a tested compound. If a 
compound shown a light level at least two times the average control reading in at 
least two consecutive dilutions, this compound was a suspected genotoxic agent. 
From results of comet assay, the flavonoids with stronger protection on oxidative 
DNA damage were selected to determine their genotoxicity. The EC50 of the selected 
flavonoids on the protective effect on DNA damage in the pre-incubation system was 
assessed by the test without S9 metabolic activiation (direct). In this test, phenol was 
used as the positive control. The genotoxicity of phenol was shown in this Figure 
3.21. The genotoxicity of the tested flavonoids were shown in Table 3.19. Under our 
assay conditions, only myricetin exhibits genotoxic activity. 
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Table 3.1 The antiradical efficiencies of tested compounds using DPPH* 
radical scavenging assay. 
Standard compounds % inhibition* Time at level off (min) 
Quercetin 94.21 3.67 
Myricetin 92.68 60.33 一 
Hyperoside 92.17 120.00 
Luteolin 90.34 29.67 
Rutin 89.94 — 120.00 — 
Isoquercetrin 89.50 120.33 
Gossypetin 88.24 240.33 
Catechin 79.81 179.67 
Fisetin 79.49 — 210.33 
Taxifolin 78.52 — 130.33 — 
Luteolin-7-glucoside 67.92 169.67 — 
Morin 51.00 1 5 ^ 
BHA 47.52 — 150.33 
BHT — 47.36 240.00 
Chlorogenic acid 46.16 100.33 
Ascorbic acid 44.85 
Kaempferol — 43.17 — 19.67 
3,6-dihydroxyflavone 33.14 — 200.33 
Caffeic acid 32.80 120.33 
Galangin 25.83 229.67 
g-Tocopherol 20.24 — ^  
Prunetin 3.61 20.00 
Apigenin 3.50 11.67 
Flavonol 3.16 14.67 
Biochanin A 2.94 一 1 2 ^ 
Genistein 2.83 — ^  
Genistin 2.83 一 ^  
Daidzin 2.74 “ LOO  
Formononetin 2.67 0.67 
Apigenin-7-glucoside 2.61 6.33 
5 -Hydroxyflavone 2.55 4.67 
Daidzein 2.50 4.33 
7-Hydroxyflavone ^  
Ononion 2.39 3.33 
6-Hydroxyflavone 2.38 0.33 
Sissotrin — 2.38 6.67 
Flavone 2.34 “ 
2'-Hydroxyflavone — 2.33 
3,-Hydroxy flavone 2.30 7.33 — 
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Figure 3.9 Examples of comet images, (a) Undamaged DNA of the mice blood 
cell observed as a fluorescent core; (b) Damaged DNA forming a 
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Figure 3.10 Damage of DNA of mice blood cell in response to the 
exposure of different concentrations of HjOj at 4 � C for 30 
min. Values are represented as means 土 SD of 50 treated cells, ab� 
Values with the same alphabet are having no significant 
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Figure 3.11 Damage of DNA of mice blood cell in response to the 
exposure of different concentrations of HjOj at 3 7 � C for 30 
min. Values are represented as means 土 SD of 50 treated cells.曲c 
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Figure 3.12 Effect of HjO: treatment time on the DNA damage induced in 
the blood cells at 37 °C by the exposure to 1 mM H2O2 in the 
pre-incubation system. Values are represented as means 士 SD of 
50 treated cells. 
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Figure 3.13 Effects of methanol volume percentage on the cell death. 
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in mice blood cells at 3 7 � C by the exposure to 1 mM HjOj for 
2 hours in the co-incubation system. Values are represented as 
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Figure 3.15 Protective effect of vitamin C on DNA damage in the 
pre-incubation system. Values are represented as means 土 SD of 
50 treated cells. 
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Figure 3.16 Protective effect of vitamin C on DNA damage in the 
co-incubation system. Values are represented as means 土 SD of 
50 treated cells. 
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Figure 3.17 Protective effect of selected flavonoids on DNA damage in the 
pre-incubation system, (a) Quercetin; (b) Myricetin. Values are 
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Figure 3.18 Protective effect of selected flavonoids on DNA damage in the 
co-incubation system, (a) Quercetin; (b) Myricetin. Values are 
represented as means 土 SD of 50 treated cells. 
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Chapter 4 Discussion 
Among the six classes of flavonoids, the group of flavones (Fig. 1.2a) was used 
for this comparative study on the structure and antioxidant activity relationship, 
because flavone is the major group of flavonoids and they have the basic and 
common structures for flavonoids. Moreover, many structurally related flavones are 
commercially available. In this study, thirty-three flavonoids were selected for the 
comparison. 
Six well-known antioxidants were used for the comparison with the selected 
flavonoids. Ascorbic acid (vitamin C) and a-tocopherol (vitamin E) are the natural 
antioxidants and have been investigated intensively for their activities (Tsao, 1997; 
Van Acker et al., 2000). BHA and BHT are the synthetic antioxidants that widely 
used as the food antioxidants and showed stronger activities in many studies (Iverson, 
1999; Von Gadow et al., 1997c). Caffeic acid and chlorogenic acid are known for 
their free radical scavenging ability and iron chelating ability (Kono et al., 1998; 
Rice Evans et al., 1997). 
For phenolic antioxidants, the type and position of the substitution groups were 
different, whereas these substitutions increase the steric hindrance in the region of 
the radical and reduce the rate of propagation reaction, this eventually affects the 
antioxidant activities. For example, vitamin E was a lipophilic compound, which 
react readily with the lipid radical, so it had stronger activity in the lipophilic 
emulsion than the hydrophilic assays (Figure 3.7). On the other hand, the methoxyl 
substitutions in BHA can increase the effectiveness of electron donation, which can 
convert the lipid radicals into more stable products. The bulky groups in the 2, 6 
positions of BHT would increase the stability of the resulting phenol radicals. 
Therefore, both of these synthetic compounds showed stronger activities. Similarly, 
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the hydroxylations in caffeic acid and chlorogenic acid are responsible for the 
hydrogen donation and stabilize the resulting phenol radical. 
Although the antioxidant activity of vitamin C was shown in both TEAC and 
DPPH* scavenging assays, however, in (3-carotene bleaching assay, vitamin C did not 
protect the bleaching of p-carotene and showed the pro-oxidant effect. It is because 
vitamin C was hydrophilic compound that may not express the antioxidant activities 
in the lipophilic emulsion system (Franke et al., 1994). In addition, the degradation 
of vitamin C took place when it was heated during the incubation, these degraded 
products are believed to have destructive effects, such as the induction of lipid 
oxidation (Tsao, 1997). 
4.1 Comparison of antioxidant activities between hydroxphilic 
and lipophilic assays 
Both the TEAC and DPPH* scavenging assays were used to determine the free 
radical scavenging activities of the selected flavonoids in hydrophilic system. 
Although these flavonoids had different antioxidant activities in both assays, the 
similar trends of their activities were shown. From the result of TEAC assay, the 
order of decreasing antioxidant effectiveness was q u e r c e t i n � m y r i c e t i n � m o r i n � 
rut in�hyperos ide (Figure 3.3). On the other hand, the order of decreasing 
antioxidant effectiveness in DPPH* scavenging assay was quercetin> luteolin� 
myricetin�gossypetin�luteolin-7-glucoside (Figure 3.6). It was found that quercetin 
exhibited the highest antioxidant activity in both assays. 
In p-carotene bleaching assay, which is a lipophilic assay, the antioxidant 
activities of flavonoids showed the following decreasing effectiveness order: morin > 
quercetin > fisetin > isoquercetrin > kaempferol (Figure 3.8). In contrast to the 
hydrophilic assays, morin was the flavonoid with highest antioxidant activity, and 
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followed by quercetin. This is because the antioxidant activity of flavonoid can be 
affected by its properties and the method employed. In the p-carotene bleaching 
assay, the reaction was carried out in a lipophilic emulsion, so the lipophilic 
compounds can react more readily with lipid in the emulsion and have the higher 
antioxidant activities than hydrophilic ones. Therefore, it is obvious that the 
mechanism of antioxidant action is markedly different between lipid system and 
water-soluble system, since the physical properties of antioxidants may affect their 
antioxidant activities under different assay conditions, and it is necessary to 
investigate the antioxidants in both hydrophilic and lipophilic systems. 
4.2 Structure and antioxidant activity relationships of flavonoids 
Flavonoids can inhibit LPO in vitro at different stages during the autoxidation. 
At the initiation stage, it acts as radical scavengers to prevent the initiation of 
autoxidation, such as superoxide anions and hydroxyl radicals (Torel et al., 1986). 
On the other hand, it can terminate the chain radical reactions by donating hydrogen 
atoms to the peroxyl radical and forming a stable flavonoid radical, as shown in 
Equation 4.1 (Afanas'ev et al., 1989). 
A-H + R 0 ' • A' + RO-H (4.1) 
This flavonoid radical (A*) in turns reacts with free radicals thus terminating the 
propagating chain (Robak et al., 1988). Therefore, the antioxidant activities of 
flavonoids are affected by their scavenging ability, hydrogen donating ability and 
their stability, while these activities are contributed by their structures. As a result, 
there is a close relationship between their structural features and antioxidant 
activities. 
As shown in Table 3.2, the hydroxyl groups at position 3 or 5 are more 
important and contribute to higher antioxidant activity in the lipophilic phase. Since 
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the hydroxylation on position 3 or 5 are next to the C4 carbonyl group, which 
conjugates from A to B ring. In the reaction with the free radicals, this structural 
feature allows the electron delocalization between two rings and stabilizes the 
resulting flavonoid radicals after hydrogen donation. Similarly, this structural feature 
was reported to contribute higher inhibition of lipid peroxidation (Cholbi et al., 
1991). Therefore, the hydroxylation of flavonoids could effectively enhance the 
antioxidant activity, but this is dependent on the position of hydroxylation. On the 
other hand, in the hydrophilic assays, the results of all hydroxylation positions seem 
to have the similar free radical scavenging activities. Since there was only one 
hydroxyl group contained in those flavonoids, the antioxidant activities of them were 
lower and difficult to have a significant difference. However, the antioxidant 
activities of 3- or 5- hydroxyl groups were relatively higher than the other positions, 
so this structural feature was also important to the antioxidant activity in hydrophilic. 
However, if the flavonoid contains no hydroxyl group, there would be no 
hydrogen atom donation. Thus, the chain radical reaction cannot be terminated. As 
shown in Table 3.3, the lowest antioxidant activity was found in flavone, which does 
not have any hydroxyl substitution, so the presence of hydroxylation was important 
to contribute antioxidant activity in both hydrophilic and lipophilic interactions. In 
addition, the increasing number of hydroxyl groups also enhanced the scavenging 
ability of flavonoids, because the higher the number of hydroxyl groups in flavonoids, 
the greater the hydrogen atoms were donated to the peroxyl radicals. According to 
the result (Table 3.3), the flavonoids with 4 to 6 hydroxyl substitutions were relative 
higher in antioxidant activity than those with one to three hydroxyl substitutions. As 
quercetin and myricetin, they had the greater hydroxyl groups and showed higher 
antioxidant activity in both systems. This observations supported the previous reports 
9 9 
Discussion 
that the polyhydroxylation on A and B rings was important to the antioxidant activity 
(Cholbi et al., 1991; Ratty al, 1988). 
As mentioned above, the hydroxylation is very important to the effectiveness of 
antioxidant activity, this is also true for the B ring hydroxylation. Galangin, which 
had no hydroxyl group in the B ring, was found to have lowest antioxidant activity in 
both lipophilic and hydrophilic systems (Table 3.4). This finding was similar to the 
previous study in the scavenging ability of flavonoids that the presence of hydroxyl 
groups in B ring was essential to the antioxidant activity (Sichel et al” 1991). 
Moreover, the presence of two hydroxyl groups in B ring would give rise to higher 
scavenger activity (Sichel et al., 1991) and higher inhibition of hydroperoxide 
formation (Pekkarinen et al., 1999). From the results of lipophilic and hydrophilic 
systems, the antioxidant activity of dihydroxyl arrangement in quercetin was 
significantly higher than that of the monohydroxyl arrangement in kaempferol. 
However, the presence of three hydroxyl groups on the aromatic B ring did not 
improve the antioxidant efficiency in both hydrophilic and lipophilic systems. From 
the result in this study, such as the comparison of myricetin and quercetin, the 
addition of a third hydroxyl group in the B ring did not enhance the effectiveness of 
free radicals scavenging. And, this was similar to the previous observations that the 
presence of three hydroxyl groups in B ring did not improve antioxidant efficiency in 
lipid system (Pokorny, 1987) and did not enhance the effectiveness against aqueous 
phase radicals (Rice-Evans et al” 1996). 
Besides, the pattern of hydroxylation in B ring was also important that the 
adjacent of two hydroxyl groups in the B ring would enhance the radical scavenging 
ability (Rice-Evans et al., 1996) and radical absorbing activity of flavonoids (Cao et 
al., 1997). In comparison of quercetin and morin (Table 3.5), the two adjacent 
hydroxyl groups was found to enhance the stability of resulting flavonoid radicals 
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and participated in electron delocalization, so there was higher antioxidant activity of 
quercetin in hydrophilic assays. In contrast, the orr/zo-dihydroxylation in B ring was 
less important in lipophilic phase, because the antioxidant activity of morin was more 
effective than quercetin. Therefore, the o^/zro-dihydroxyl arrangement in B ring 
would enhance the antioxidant activity in hydrophilic system, and not in lipophilic 
system. 
As discussed above, the presence of a hydroxyl group at C3 would have a strong 
influence on the antioxidant activity. The removal of C3 hydroxyl group in luteolin 
would reduce the radical scavenging ability when comparing with quercetin (Table 
3.6). Similarly, the replacement of C3 hydroxylation as a glycoside would also 
decrease the antioxidant activity when comparing with its agylcone, quercetin (Table 
3.7). This is suggested that C3 hydroxyl group is required to attach the double bond 
between C2 to C3 and adjacent to the C4 carbonyl group for the radical scavenging 
enhancement. However, opposite data had been reported in water-containing systems 
(Teissedre et al., 1996; Yuting et al., 1990), since the polarity of glycosides may 
induce better solubility into the aqueous medium. In this study, the more 
hydrophobic quercetin inhibited more effectively the DPPH* radical and ABTS.+ 
radical cation than its hydrophilic corresponding glycosides (Table 3.7). Thus, the 
solubility was not the major factor affecting the antioxidant activity of flavonoids. 
While the superior factor was the structure of flavonoids, since the removal or 
replacement of this hydroxyl group would block the delocalization of electrons from 
the aryloxyl radical on the B ring to A ring. This was the same for any kinds of 
glucoside replacement, such as galactoside, rutinoside and glucoside. 
In addition to hydroxylation, the double bond between C2 to C3 was also 
important to the antioxidant activities of flavonoids (Morel et al., 1993; Rice-Evans 
et al., 1996). In comparison of taxifolin and quercetin (Table 3.8), the hydrogenation 
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of this double bond in taxifolin would saturate the heterocyclic ring, so there was no 
electron delocalization between A and B rings and reduced the stability of the 
aryloxyl radicals. As a result, the antioxidant activity of taxifolin was approximately 
half of the quercetin. 
However, the presence of a carbonyl group at C4 was not as important as the 
double bond between C2 to C3. In comparison of catechin and taxifolin (Table 3.9), 
the presence of C4 carbonyl group in taxifolin did not enhance the antioxidant 
activity when compared with catechin, which was absence of a carbonyl group at C4. 
This is because the carbonyl group at C4 is required to conjugate with the double 
bond between C2 to C3, such as the comparison of quercetin and catechin (Table 
3.10). Although catechin has an identical number of hydroxyl groups in the same 
position as quercetin, the antioxidant activity of it was reduced when compared with 
quercetin in both hydrophilic and lipophilic systems. It is because the unsaturation in 
C ring would allow the electron delocalization across the molecule to stabilize the 
aryloxyl radicals. Also, previous studies had shown consistent association between 
the conjugation of the double bond at C2 to C3 with a carbonyl group at C4, because 
this could maximize the effectiveness of radical scavenging activity (Rice-Evans et 
al., 1996) and contribute to higher inhibition of hydroperoxide formation 
(Pekkarinen et al., 1999). 
As mentioned previously, the glycosylation at C3 would decrease the 
antioxidant activity, because it would block the hydroxyl group at C3 (Table 3.7). The 
blocking of the hydroxyl group at C3 could eliminate the electron delocalization. 
Moreover, the steric hindrance of a sugar moiety could reduce the effectiveness of 
antioxidant activity. However, in hydrophilic systems of this study, the presence of a 
sugar moiety might not reduce the antioxidant activity and did not have any 
significant difference in the glycosylation at C7 (Table 3.11). Thus, this is opposite to 
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the previous reports that glycosides were consistently less active than their 
corresponding aglycones (Hopia et al., 1999; Ratty et al., 1988). Therefore, the 
presence of a sugar moiety in flavonoids may not reduce antioxidant activity, since 
the influence of it is depend on the position of the glycosylation. Also, this finding 
supported that the substituent on position 7 did not influence the scavenging activity 
of flavonoids (Van Acker et al., 1996), and the glycosylation at C7 did not reduce the 
antioxidant activity. 
In conclusion, flavonoids with the following structural features listed on Table 
4.1 are proposed to have stronger antioxidant activities. These include a hydroxyl 
group at C 3 , a double bond between C2 to C3， the conjugation between C 4 carbonyl 
group and a double bond at C2 to C3, the presence of ortho-dihydroxylation at B ring 
and polyhyroxylation at A and B rings. Among the selected flavonoids studied, four 
flavonoids, namely quercetin, myricetin, fisetin and gossypetin fulfill these structural 
features. However, the number of hydroxyl groups in fisetin was less than that of 
quercetin, so it had a lower antioxidant activity. In contrast, although gossypetin and 
myricetin have the maximum number of hydroxyl groups, they had lower antioxidant 
activities than quercetin. This is because the addition of a hydroxyl group in 
gossypetin is located at A ring that would not apparently enhance the antioxidant 
activity. While in myricetin, there is a third hydroxylation at B ring, as discussed 
previously, this would not improve the activity. Overall speaking, quercetin was 
found to exhibit the highest activities among the studied flavonoids. 
4.3 The comet assay 
The comet assay was used to determine the DNA damage in individual cells. 
Depending on a variety of factors, different degrees of DNA damage can be resulted 
in this assay, such as the type of cell and damage inducer, amount of the cell and the 
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treatment system used. It is well known that OH* radicals are responsible for a large 
part of cellular DNA damage. And, these OH* radicals can be generated from the 
H2O2 through the Fenton-type reaction (Dizdaroglu et al., 1991) and ionizing 
radiation (Halliwell et al., 1989). Therefore, H2O2 was chosen to be the damage 
inducer in this study. 
Vitamin C is a well-known antioxidant. The protective effect of vitamin C was 
reported by many studies. Some reports claimed that it could effectively remove the 
harmful effect of H2O2 and protect the cells from DNA damage (Noroozi et al., 
1998). Therefore, vitamin C was chosen to act as positive control in this assay. 
However, in other studies, vitamin C showed pro-oxidation effect and induced 
greater oxidative DNA damage, although the mechanism was unclear (Carr et al., 
1999). This was similar to the result in p-carotene bleaching assay that vitamin C 
was showed to have the pro-oxidant effect (Figure 3.8). There are various factors 
influencing the protective effect of vitamin C, such as medium composition, 
concentration and inducer of oxidative damage (Anderson et al., 1999). Under our 
experimental conditions, 1 mM vitamin C was showed to express the protective 
effects (Figure 3.15 and 3.16), which means that it can protect the mouse blood cells 
from the attack of OH* radicals in the comet assay. 
To have a greater protection on DNA damage, the increase of flavonoid content 
was suggested. However, the solvent used to dissolve the flavonoids was methanol, 
which was known as a toxic solvent to the mammalian cells by destroying the cell 
membrane (Wakelyn et al., 1997). This would lead to more H2O2 penetrate into the 
nucleus and cause greater DNA damage. As expected, our results showed that 
increase in the volume of methanol used would cause greater DNA damage as well 
as the induction of cell death (Figure 3.13). Although up to 6 % of methanol in total 
volume would not induce the cell death (cell viability < 90 %), but 2 % of 
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methanolic vitamin C (positive control) was enough to cause a significant protective 
effect on DNA damage (Figure 3.14), so 2 % of compound was used in this study. 
4.4 Comparison of protective effect on DNA damage between 
pre-incubation and co-incubation systems 
In the co-incubation system, the blood cells were treated with H2O2 and the 
flavonoid together. Under such condition, the antioxidant was believed to scavenge 
the OH* radicals in the medium, since flavonoids was proved to exhibit hydroxyl 
radical scavenging activity and the overall antioxidant effect on lipid peroxidation 
was believe due to their hydroxyl radical scavenging properties (Husain et al., 1987). 
On the other hand, in the pre-incubation system where blood cells firstly treated with 
the flavonoid, the flavonoid would penetrate into the cells and exerted its protective 
effect on DNA from H202-mediated damage. Therefore, the protective effect of 
flavonoids on DNA damage would also likely to reflect their individual permeability 
and radical scavenging capabilities (Kruszewski et al., 1994). 
In both systems, the tested flavonoids showed a similar trend of protective 
effects on DNA damage (Figure 3.19 and 3.20), and this indicated that flavonoids 
could function either extracellularly and / or intracellularly. However, the overall 
protective effects of tested flavonoids in the co-incubation system were greater than 
that in the pre-incubation system. This is because the antioxidants should firstly 
diffuse into the cells in the pre-incubation system, but the diffusion of the 
antioxidants reached an equilibrium and the antioxidants inside the cells was less 
than the antioxidants outside the cells. Beside the penetration ability of antioxidant, 
the stability of the antioxidant inside the cells is also important, since the antioxidant 
may be degraded by the components inside the cells. All of this may lead to a 
decrease of protective effect in pre-incubation system. 
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4.5 Structures and protective effect of flavonoids in the comet assay 
Based on the results obtained in previous antioxidant screening assays, 
flavonoids with the important structural features were selected to investigate their 
DNA protective effect using the comet assay. Firstly, the effect of polyhydroxylation 
was studied. In both co-incubation and pre-incubation systems, the flavonoids, such 
as gossypetin and myricetin, with greater hydroxyl groups also showed a higher 
protective effect against DNA damage (Figure 3.19 and 3.20). 
On the other hand, the hydroxylation on B ring was also important, since the 
absence of hydroxyl groups in galangin contributed to the lowest protective effect 
when compared with the other flavonoids, which contained hydroxyl groups in B 
ring (Table 3.12). However, the increase of hydroxyl groups in quercetin and 
myricetin did not enhance the protective effects when compared with kaempferol 
(Table 3.12). So the increase of hydroxylation in B ring would not contribute to a 
greater protective value in both systems. Moreover, two adjacent hydroxyl groups in 
flavonoids could not enhance the protective effect on DNA damage, because the 
or^/zo-dihydroxyl arrangement in quercetin has a similar protective effect when 
compared with the me如-dihydroxyl arrangement in morin (Table 3.13). Therefore, 
the hydroxylation in B ring was not important to enhance the protective effect on 
DNA damage, but the presence of the hydroxyl group in B ring was better than the 
absence of it. 
Besides, the structural features in C ring were shown to enhance the antioxidant 
activities of flavonoids, such as C3 hydroxylation. The importance of this structural 
feature was revealed from the study of luteolin, in which the C3 hydroxyl groups was 
removed. And, its protective value was approximately half of quercetin in both 
incubation systems (Table 3.14). Similarly, the protective value of quercetin was 
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apparently higher than its corresponding glucosides, such as hyperoside, rutin and 
isoquercetrin (Table 3.15). It is because the presence of a sugar moiety at C3 would 
block the hydroxylation and reduce the scavenging activity of OH* radicals. 
Moreover, a double bond between C2 to C3 was also important to the protective 
effect, since the absence of C2 to C3 double bond in taxifolin would reduce its 
protective effect significantly when comparing with quercetin in pre-incubation 
system (Table 3.16). Although there was no significant difference in co-incubation 
system, the protective effect of quercetin was also higher than that of taxifolin. 
On the other hand, the carbonyl group in C4 could not enhance the antioxidant 
activity in both incubation systems (Table 3.17), since the protective effect of 
taxifolin was similar to catechin that contained the same structures with taxifolin but 
absence of the carbonyl group at C4. However, the conjugation of this carbonyl group 
with a double bond between C2 to C3 could apparently enhance the protection on 
DNA damage. As shown in Table 3.18, the protective value of quercetin was 
approximately twice the value of catechin that did not contain the C4 carbonyl group 
and C2 to C3 double bond. 
For the comparison with the antioxidant screening assays, the relationships of 
structure and antioxidant activity and the relationship of structure and protective 
effect were similar to each other (Table 4.1). The difference between them was only 
the presence of orr/zo-dihydroxylation at B ring, since the presence of this structure 
did not enhance the protective activity on DNA damage, but vice versa in those 
screening assays. Moreover, in the comet assay, the protective effect of myricetin and 
gossypetin were higher than quercetin, because they had the maximum number of 
hydroxyl groups. Therefore, the degree of hydroxylation in flavonoids was very 
important to contribute a higher protective effect on DNA damage. This explained 
why the presence of orr/zo-dihydroxylation at B ring was not important. 
1 0 7 
Discussion 
4.6 Genotoxicity of flavonoids 
Certain flavonoids, e.g. kaempferol, was reported to show the genotoxic effect 
(Juardo et al., 1991 & Sahu et al., 1996). In this study, four flavonoids including 
fisetin, gossypetin, quercetin and myricetin, were subject to genotoxicity assessment. 
These four flavonoids all showed high protective effect on HiOi-mediated DNA 
damage, because all of them contained a hydroxyl group in C3 and C5, a conjugation 
between C4 carbonyl group and a double bond at C2 to C3 and polyhydroxylation at 
A and B rings. Genotoxicity of these flavonoids was studied using Mutatox test at the 
concentration of their EC50 obtained from the comet assay. The EC50 value represents 
the effective health-beneficial (protective of oxidative DNA damage in this case) 
concentration. Among these four flavonoids, only myricetin was found to exhibit 
genotoxic activity (Table 3.19), because it showed a light level at least two times the 
average control reading in at least two consecutive dilutions. The high number of 
hydroxyl groups in myricetin might be responsible for its genotoxicity (Sahu et al,, 
1996). Gossypetin was the most effective antioxidant to protect the cell from 
oxidative DNA damage and the effective concentration was 0.21 mM. 
4.7 Significance and future works 
More than 4,000 flavonoids have been identified. The establishment of the 
relationship between the structure and antioxidant activity of this class of compounds 
would help to evaluate the antioxidant activity of any individual flavonoid or any 
newly identified ones. As flavonoid widely distributed in plants, this could also help 
to identify food plants that would serve as a good source of dietary antioxidant, if 
their flavonoid composition were known. 
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For further study in this research, more in vivo experiments are suggested to 
determine the protective effects of flavonoids. It is because comet assay is an ex vivo 
experiment and it can only determine the direct effect on cellular reaction. However, 
after the ingestion, it is unknown about the absorption, distribution, metabolism and 
biological effects of flavonoids within the body. Therefore, in vitro experiments are 
not enough to give a tentative conclusion, and more in vivo experiments should be 
considered. Moreover, flavonoids analysis in human diets is now becoming more 
interest and the factors that govern their concentration in foods are not better 
understood. Although flavonoids are considered as the natural compounds, further 










































































































































































































































































































































































Chapter 5 Conclusion 
Thirty-three flavonoids were selected to be determined their antioxidant 
activities using DPPH* scavenging assay, TEAC assay and p-carotene bleaching 
assay. In the hydrophilic assays, the flavonoid with highest antioxidant activity was 
quercetin, whereas morin was the highest in the lipophilic assay. This suggested that 
different antioxidant activities of flavonoids could be resulted and depended on the 
properties of antioxidants and the assay methods employed. 
By the comparison with these flavonoids, the structure and antioxidant activity 
relationship (SAR) was established. Several structures were identified to enhance the 
antioxidant activity in both hydrophilic and lipophilic conditions, such as 
polyhydroxylation in A and B aromatic rings and o/Z/ro-dihydroxyl structure in the B 
ring. Also, the structures in C ring are the most important determinants for 
antioxidant activity of flavonoids, such as the presence of C3 hydroxyl group, a 
double bond between C2 to C3 and as well as the double bond in conjugation with a 
C4 carbonyl group. However, the glycoside substitution was not important as 
reported to reduce the antioxidant activity of flavonoid, because the influence of the 
activity was dependent on the glycosylation position. Moreover, the hydroxylation 
position of flavonoids was important to affect the antioxidant activity in lipophilic 
system but not as important with the other structural features in hydrophilic system. 
Among the tested flavonoids, quercetin was found to show the strongest activity, 
since all of the mentioned structural features were found in it and contributed to 
higher antioxidant activity. And, the followings flavonoids were myricetin and 
morin. 
Based on the results obtained from the antioxidant screening assays, several 
flavonoids were selected to evaluate their protective effect on oxidative DNA 
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damage by the comet assay. Two incubation systems were performed where the 
blood cells were either treated with H2O2 and the flavonoid together (co-incubation 
system) or pretreatment with the flavonoid followed by H2O2 challenge 
(pre-incubation system). In both systems, the tested flavonoids were showed to have 
the protective effects, but the overall protective effects in the co-incubation system 
were greater than that in the pre-incubation system. By the comparison with the SAR 
in the screening assays, the structures in C ring, as well as the polyhydroxylation in 
A and B aromatic rings were important to enhance the protective effects on oxidative 
DNA damage. Although the dihydroxy 1 structures in B ring could increase the 
protective effects apparently, but the arrangement of these dihydroxyl groups in B 
ring were not important, because there was no significant difference between the 
protective values of othro- and meto-dihydroxyl groups. As a result, the flavonoids 
with those mentioned structural features were estimated to have higher antioxidant 
activities. In this study, gossypetin and myricetin were the flavonoids with those 
structures and were found to have the stronger protective effect on oxidative DNA 
damage. 
After the establishment of SAR of flavonoids, the flavonoids with those 
important structural features were assayed for their genotoxicity at the concentration 
of their EC50 value in the pre-incubation system of the comet assay. Results from the 
Mutatox test showed that all of the selected flavonoids except myricetin were 
non-genotoxic under our experiment conditions. Among the tested flavonoids, 
gossypetin was the most effective antioxidants to protect the cell from oxidative 
DNA damage and the effective concentration was 0.21 mM. 
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